In the UK, 15-20% of women continue to smoke throughout their pregnancy, 1 and although cannabis use is less common, some alcohol intake during pregnancy is reported by most women.
Maternal substance use during pregnancy poses a potential risk to the health of the developing fetus, as tobacco, alcohol and cannabis all cross the placenta and the fetal blood-brain barrier. It has become increasingly clear within the field of teratology that exogenous agents that are relatively harmless to the mother during pregnancy may have detrimental neurological effects on the child, and that most such effects are subtle and may not be detectable at birth. 3, 4 There is robust evidence from epidemiological and animal model studies that maternal tobacco use during pregnancy leads to a number of adverse perinatal outcomes. [5] [6] [7] Maternal smoking has also been repeatedly reported as being associated with adverse long-term effects on the offspring, including reduced cognitive ability [7] [8] [9] and increased incidence of attention-deficit hyperactivity disorder and conduct disorder during childhood and adolescence, 6, 7, [10] [11] [12] with similar, though less consistent, reports for maternal cannabis and alcohol use. 4, 8 It is difficult to be confident that any associations between maternal substance use and child psychopathology from epidemiological studies are causal and not confounded by other characteristics of women who continue to use substances during pregnancy. Methods that would help causal inference include comparing the associations observed for maternal and paternal substance use during pregnancy. 13 However, very few studies of childhood psychopathology have utilised such approaches to date.
Animal models of psychopathology are more difficult to examine than models of perinatal morbidity such as birth weight.
Nevertheless, animal studies show that exposure to nicotine in utero, 14, 15 and to a lesser extent exposure to alcohol and cannabinoids, 4, 16 can lead to profound and lasting changes in cerebral development and neurotransmitter function, making maternal substance use in pregnancy a very plausible risk factor for offspring psychopathology.
Given that a wide range of obstetric and pregnancy complications have been associated with risk of schizophrenia in offspring, 17 it is surprising that there are so few studies that have focused on the effects of maternal substance use on risk of psychosis. In the systematic review by Cannon et al, 17 there were only two studies identified on maternal smoking. 18, 19 There was no evidence of association between maternal smoking and schizophrenia in that meta-analysis, 17 but the statistical power is likely to have been relatively low. More recently, maternal smoking in pregnancy was associated with the presence of psychotic symptoms in the Early Developmental Stages of Psychopathology (EDSP) study of almost 1000 young adults in Munich. 20 However, as this was a cross-sectional design with retrospective recall of maternal behaviour during pregnancy, recall bias is difficult to exclude.
Our aim was to investigate, in a longitudinal design, whether maternal tobacco, cannabis or alcohol use during pregnancy were independently associated with risk of the offspring developing psychotic symptoms during early adolescence. We hypothesised that maternal tobacco, and to a lesser extent cannabis and alcohol use, would be associated with psychotic symptoms, and that a substantial part of this association would be mediated through effects of maternal substance use on adverse perinatal outcomes and cognitive ability during childhood. 
Aims
To examine whether maternal use of tobacco, cannabis or alcohol during pregnancy increases risk of offspring psychotic symptoms.
Method
A longitudinal study of 6356 adolescents, age 12, who completed a semi-structured interview for psychotic symptoms in the Avon Longitudinal Study of Parents and Children (ALSPAC) birth cohort.
Results
Frequency of maternal tobacco use during pregnancy was associated with increased risk of suspected or definite psychotic symptoms (adjusted odds ratio 1.20, 95% CI 1.05-1.37, P = 0.007). Maternal alcohol use showed a non-linear association with psychotic symptoms, with this effect almost exclusively in the offspring of women drinking >21 units weekly. Maternal cannabis use was not associated with psychotic symptoms. Results for paternal smoking during pregnancy and maternal smoking post-pregnancy lend some support for a causal effect of tobacco exposure in utero on development of psychotic experiences.
Conclusions
These findings indicate that risk factors for development of non-clinical psychotic experiences may operate during early development. Future studies of how in utero exposure to tobacco affects cerebral development and function may lead to increased understanding of the pathogenesis of psychotic phenomena.
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Method Sample
This study examined data from 6356 children from the Avon Longitudinal Study of Parents and Children (ALSPAC) cohort who participated in the psychosis-like symptoms (PLIKS) semistructured interview (PLIKSi) 21 when they were 12 years of age (data restricted to one child per nuclear family). The initial cohort consisted of 14 062 children born to residents of the former Avon Health Authority area who had an expected date of delivery between 1 April 1991 and 31 December 1992 (www.alspac.bris.ac.uk). The cohort was set up to examine genetic and environmental determinants of health (including mental health) and development. 22 The parents have completed regular postal questionnaires concerning their child's health and development since birth. The children, since 7.5 years of age, have attended annual assessment clinics where they participate in a range of face-to-face interviews. Due to wave non-response, sample sizes in the analyses differ according to exposures and data-sets examined (see Results and Tables). Non-attendees participating in the PLIKSi were more likely to come from lower social class families, to have parents with lower education, to be male and to be of minority ethnic status. 21 
Measures

Outcomes
The PLIKSi consists of 12 core questions covering hallucinations (visual and auditory); delusions (delusions of being spied on, persecution, thoughts being read, reference, control, grandiose ability and other unspecified delusions); and experiences of thought interference (thought broadcasting, insertion and withdrawal) over the past 6 months. For these 12 core items, 7 screening (stem) questions were derived from DISC-IV 23 and 5 questions from the Schedules for Clinical Assessment in Neuropsychiatry (SCAN) version 2.0, 24 modified slightly after piloting (further details available at www.bristol.ac.uk/psychiatry/ staff/zammit/documents/pliks.pdf.html). Clinical cross-questioning and probing was used to establish the presence of symptoms, and coding of all items followed the glossary definitions and rating rules for SCAN. Interviewers (psychologists trained in using the PLIKSi) rated symptoms as either not present, suspected or definitely present. Unclear responses after probing were always 'rated down', and symptoms only rated as definite when a credible example was provided. We included symptoms in our analyses only if they were not attributable to effects of sleep, fever or substance use, consistent with the approach of classification systems for diagnosis of functional psychotic disorders. The average kappa value for interrater reliability was 0.72. 21 We examined two primary PLIKS outcomes: presence or absence of any suspected or definite symptoms; and a narrower outcome of definite symptoms only. As secondary analyses, we also examined whether associations were stronger for more frequently occurring symptoms (definite symptoms occurring monthly or more frequently), or for symptoms that were more characteristic of schizophrenia (any suspected or definite 'bizarre' PLIKS). These symptoms, in concordance with both DSM-IV 25 and ICD-10 26 criteria for schizophrenia, included either thirdperson auditory hallucinations or first-rank delusions (delusions of control or delusions of thought broadcast, insertion or control).
Exposures
Data on parental substance use were obtained from self-report postal questionnaires completed by the mother at 8, 18 and 32 weeks of pregnancy and at 2, 21, 33 and 47 months after birth of the child, and from questionnaires completed by the father at 18 weeks of pregnancy and at 2, 8 and 21 months after birth of the child. Maternal tobacco, cannabis and alcohol use were coded as the highest category of use during any trimester of pregnancy (tobacco: 0, 1-9, 10-19, 520 cigarettes per day; cannabis: 0, 5weekly, 5weekly use; alcohol: 0, 47, 8-21, 522 units per week). For alcohol we also used a continuous measure of units of alcohol per week during pregnancy (maximum of first and third trimester intake), divided by 10 to create estimates per 10-unit increases in alcohol intake. We also examined whether effects for each substance were different according to trimester of exposure.
Confounders
A number of sociodemographic variables were considered as potential confounders: gender, parental social class (highest of both parents, based on occupation using the 1991 Office for Population Censuses and Surveys (OPCS) classification; 27 coded as I-V (lowest)); maternal marital status during pregnancy (married, partner, single); financial difficulty during pregnancy; housing type (mortgaged/owned, privately rented, council); urban/rural index at birth (urban/town, village/hamlet); paternal smoking during pregnancy; and maternal and paternal education (four-levels, ranging from the lowest UK school-leaving qualifications up to degree level). We also considered parental age, maternal use of prescribed medication (analgesics or hypnotics), maternal depression during pregnancy (Edinburgh Postnatal Depression Scale) 28 and other family history of depression, schizophrenia or any mental health illness (in biological parents or grandparents) as potential confounders.
To further examine possible confounding we compared maternal smoking during pregnancy with paternal smoking during pregnancy and also with maternal smoking 2-3 years post-pregnancy, before and after adjusting for confounding and for the other two parental smoking variables. For alcohol use we further examined possible effects of confounding by examining the relationship between maternal alcohol use 4 years postpregnancy and PLIKS independently of effects of alcohol use during pregnancy.
Variables that we considered potential mediators of the relationship between maternal substance use during pregnancy and risk of PLIKS in the offspring (i.e. lying on the causal pathway) were child Wechsler Intelligence Scale for Children-III (WISC-III) total IQ score 29 from assessment clinic at age 8, and 5-minute Apgar score, gestation, and birth weight (as a marker of chronic effects on fetal growth), obtained from pregnancy records.
Ethical approval
Ethical approval for the study was obtained from the ALSPAC Law and Ethics Committee and the local research ethics committees.
Statistical analysis
Logistic regression was used to calculate odds ratios (ORs) and 95% confidence intervals for associations between maternal substance use and PLIKS outcomes, both before and after adjustment for potential confounders. Our primary analyses for ordered categorical data (maternal tobacco and cannabis use) was to study a linear trend effect across increasing categories of use. In order to investigate a non-linear relationship for alcohol use, a quadratic term was used in addition to a linear term, and likelihood ratios tests (LRT) used to examine evidence of a non-linear relationship; and overall effect of alcohol use (linear and quadratic) on PLIKS outcomes.
Missing data
Children not attending the PLIKSi were more likely to have mothers who smoked (35.1%) and used cannabis (3.6%) compared with those who did attend (19.4% and 2.6%, P50.001 for both). However, maternal alcohol use (41 glass per week) was less common in non-attendees (21.8% v. 25.2%, P50.001).
To examine whether missing data may have biased our results we conducted sensitivity analyses using multiple imputations by chained equations. 30, 31 We used the ice command in Stata for Windows (version 9) to impute missing data for confounders and outcomes. Fifty variables relating to parental sociodemographic, and child emotional, social and behavioural characteristics were used to impute missing data. Ten cycles of regression were carried out and 25 data-sets imputed.
Results
There were 734 children (11.6% of those interviewed, 95% CI 10.8-12.4%) who were rated as having suspected or definite PILKS, and 300 of these (4.7% of those interviewed) had definite symptoms. A summary of the potential confounders in relation to maternal substance use is presented in Table 1 . Individually adjusting for gender, other family history of mental health illness and paternal age made minimal difference to any of the results and these were therefore omitted from the analyses.
Of the children interviewed for PLIKS, there were 6332 with maternal smoking data, 6210 with maternal cannabis use data, and 6245 with maternal alcohol data available. Of these, 1219 (19.3%) of mothers smoked tobacco, 4372 (70.0%) of mothers drank alcohol, and 157 (2.5%) of mothers took cannabis at least once during their pregnancy. There were 4253 adolescents with data available on PLIKS, confounders, and maternal use of tobacco, cannabis and alcohol, and this was the sample used for the main analyses.
Tobacco use during pregnancy
Maternal tobacco use during pregnancy was strongly associated with any suspected or definite PLIKS in the offspring (crude OR for linear trend across four smoking categories 1.33, 95% CI 1.18-1.49), and results were consistent with a dose-response effect (Table 2 ). This was attenuated only partially after adjusting for confounders (adjusted OR = 1.20, 95% CI 1.05-1.37, P = 0.007). The two confounders that had the greatest effect on attenuating this estimate were paternal smoking and single status of the mother. Further adjusting for gestation, birth weight, 5-minute Apgar score, or age 8 IQ score, as possible mediators for this association, had minimal effects on these results. These estimates were similar for definite PLIKS as an outcome although results were less precise.
We further examined possible effects of confounding by studying the effects of paternal smoking during pregnancy and maternal smoking post-pregnancy on risk of PLIKS, to compare these with the effect of maternal smoking during pregnancy (Table 3) . Paternal smoking during pregnancy was associated with any suspected or definite PLIKS in the crude analysis, but this was eliminated after adjusting for confounders and maternal smoking (adjusted OR = 1.05, 95% CI 0.95-1.17).
Maternal smoking post-pregnancy was also associated with any suspected or definite PLIKS in the crude analysis (Table 3) , but again this was eliminated after adjusting for confounders and maternal smoking during pregnancy (adjusted OR = 0.95, 95% CI 0.79-1.14). Maternal smoking during pregnancy and maternal smoking post-pregnancy were quite strongly correlated (Kendall's t b = 0.76). The standard error for maternal smoking during pregnancy was increased by about 60% when both were included in the same model ( Table 3 ), but that for maternal smoking post-pregnancy was relatively unchanged, indicating that collinearity is unlikely to explain the lack of association for smoking post-pregnancy. 32 Note that only 3730 of the 4253 adolescents had additional data on maternal smoking postpregnancy and therefore results for maternal smoking during pregnancy in Tables 2 and 3 are slightly different as they are based on different data-sets.
We examined whether the effect of maternal tobacco use differed by trimester of exposure. Smoking during any trimester was very correlated with smoking in other trimesters (Kendall's t b 40.80). The offspring of mothers who used tobacco only in their third trimester had a greater risk of developing any suspected or definite PLIKS than offspring whose mothers smoked only in the first trimester (OR for smoking in third trimester only compared with first trimester only 2.1, 95% CI 0.96-4.59, P = 0.063). There were insufficient numbers of women who only used tobacco in their second trimester to examine specific second trimester effects.
Cannabis use during pregnancy
Maternal cannabis use was not associated with any suspected or definite PLIKS in the crude analysis (OR for linear trend 1.22, 95% CI 0.83-1.79). The odds ratio was reduced after adjusting for confounders (Table 2) , with adjustment for maternal tobacco use having the greatest impact on attenuation of this estimate (adjusted OR = 0.94, 95% CI 0.62-1.41, P = 0.755). Of the 157 women with PLIKS data who used cannabis during pregnancy, 51 (32.5%) claimed not to have smoked tobacco during their pregnancy. There were insufficient numbers of women using cannabis to examine trimester-specific effects of cannabis use.
Alcohol use during pregnancy
Although 70% of mothers drank alcohol at least once during their pregnancy, the median number of units of alcohol per week consumed was 0 (range 0 to 102). There was an association between maternal alcohol intake during pregnancy and any suspected or definite PLIKS in the crude analysis (OR per 10-unit increase in alcohol 1.24, 95% CI 1.03-1.50), and this was not substantially altered after adjustment (adjusted OR per 10 units 1.19, 95% CI 0.97-1.45). This was a non-linear effect (likelihood ratio for inclusion of quadratic term in crude model w 2 = 7.5, d.f. = 1, P = 0.006). Likelihood ratio test results for the overall effect of alcohol on risk of PLIKS are presented in Table 2 . Further adjusting for possible mediators of this association had minimal effects on these results.
The increase in risk of suspected or definite PLIKS was primarily present in the offspring of the 25 mothers (0.6% of the sample) who drank 421 units per week. When omitting this extreme group, as a sensitivity analysis, there was no evidence of a non-linear relationship (w 2 = 0.3, d.f. = 1, P = 0.566) and no evidence of association between alcohol use and PLIKS (adjusted OR per 10 units 0.97, 95% CI 0.72-1.31) ( Table 2) .
We also examined trimester-specific effects of maternal alcohol use. Alcohol intake during the first and third trimesters were correlated, although insufficiently to render collinearity a problem in an analysis with both included in the same model (Pearson's coefficient 0.54). Within such a model, first trimester alcohol use (adjusted OR per 10 units 1.41, 95% CI 0.95-2.09) but not third trimester use (adjusted OR per 10 units 0.99, 95% CI 0.63-1.55) was associated with increased risk of PLIKS, although the confidence intervals overlapped substantially.
We further examined possible effects of confounding by studying the effects of maternal alcohol use 4 years post-pregnancy on risk of PLIKS in the offspring. The correlation between alcohol use during and post-pregnancy was not very strong (Pearson's coefficient 0.29). There was no evidence of any association between maternal alcohol use post-pregnancy and any suspected or definite PLIKS either before or after adjusting for alcohol use Table 1 ; data-set with no missing data for confounders 4253. b. Results for linear and quadratic terms for alcohol use are with both included in same model.
during pregnancy (LRT for both linear and quadratic terms, w 2 = 4.0, d.f. = 2, P = 0.139).
Secondary analyses
There were 165 children (2.6% of those interviewed) with definite, frequent (occurring 5monthly) PLIKS, and 233 (3.6%) with suspected or definite 'bizarre' PILKS. There was no consistent pattern that associations were stronger for either of these outcomes.
Missing data
Results from the multivariable multiple-imputation models were very similar to those using the main data-set, although more precisely estimated, whether we imputed confounders only or outcome measures too.
Discussion
Maternal smoking during pregnancy was associated with an increased risk of psychotic symptoms in the children, with evidence of a dose-response effect whereby risk of PLIKS was highest in the offspring of mothers who smoked most heavily. This association was not mediated by childhood IQ or by markers of pre-or perinatal adversity. Maternal alcohol use was also associated with PLIKS, although this effect was present almost exclusively in the offspring of women drinking 421 units of alcohol per week in early pregnancy. Maternal cannabis use was uncommon, reducing the power to detect any association with this exposure. Although use of cannabis was also more common in offspring with PLIKS, this association was eliminated after adjusting for confounders, and particularly by maternal tobacco use.
Confounding
Maternal smoking was strongly associated with markers of adverse sociodemographic characteristics in our data, similar to previous reports, 33 and similar to psychosis. 34 The sociodemographic characteristics of alcohol use in pregnancy were quite different to those of smoking, also similar to previous reports. 35 The association between maternal smoking and PLIKS was attenuated by about 40% after adjusting for a broad range of confounders. However, conventional epidemiological methods for dealing with confounding may be particularly problematic when assessing intrauterine influences on offspring health outcomes. 13 One approach to overcome this is to compare the effects of maternal exposure during pregnancy with those of paternal exposure, as the latter is likely to reflect, to some extent, similar confounding characteristics to the former. 13 Maternal exposure during pregnancy can also be compared with maternal exposure postpregnancy, although such a comparison is more problematic, especially for smoking, given that women who continue to smoke throughout pregnancy may differ substantially from those who abstain during this period.
Estimates of association for paternal smoking and maternal smoking post-pregnancy were smaller than for smoking during pregnancy, and both were substantially attenuated after adjusting for maternal smoking during pregnancy. This lends some support for a biological effect of tobacco exposure in utero on risk of psychotic symptoms, although as the confidence intervals for paternal smoking overlap slightly with those for maternal smoking during pregnancy we cannot conclude that these exposures are clearly different from each other.
For alcohol use, adjustment for confounding had minimal effect on results, and there was no association between alcohol use in the post-pregnancy period and PLIKS independent from effects of use during pregnancy. However, the results of the sensitivity analyses indicate there was minimal association between alcohol use and PLIKS once women drinking 421 units of alcohol per week were excluded from the analysis. This level of drinking occurred in less than 1% of women in this cohort. Such women are likely to be very different from other women in the cohort in relation, for example, to personality traits and mental health characteristics. Despite the minimal effect of adjusting for confounders, it is difficult to be confident that this pattern of association is not because of confounding.
Bias
Although this is a large cohort, with a wealth of detailed information, missing data due to attrition and wave non-response in this cohort was not insubstantial, a problem common to other large-scale longitudinal studies. 36, 37 All estimates, however, were similar in the multiple-imputation analyses, indicating that attrition was unlikely to have substantially biased the results.
Some underreporting of substance use is likely to have occurred, and perhaps especially for cannabis use as this is illegal in the UK. Furthermore, a measure of weekly consumption of alcohol may not adequately capture peak levels of fetal exposure due to binge drinking patterns. Such misclassification tends to lead to underestimation of effects, although only if this were non-differential with respect to outcome.
Possible biological mechanisms
Animal studies indicate that fetal nicotine exposure can result in long-term structural and functional changes, 7 including decreased neuronal density and size in the hippocampus and cortex, altered regulation of neuronal apoptosis, 7, 15 and increased expression of receptors for acetylcholine, which plays a critical role in brain maturation through modulation of axonogenesis and synaptogenesis. 15 However, difficulties exist, both conceptually and pragmatically, in the interpretation of results from animal models in relation to effects in humans.
We are not aware of animal studies to date that have examined the effects of nicotine exposure in utero on putative endophenotypes of schizophrenia. Although endophenotypes of schizophrenia that can be modelled in animals are yet to be clearly determined this could potentially become an informative area for future research.
We observed suggestive evidence that maternal smoking during the third trimester was most strongly associated with risk of PLIKS, although results from subgroup comparisons should be interpreted cautiously. This is rather inconsistent with results from studies of famine 38, 39 and influenza, 40, 41 where early pregnancy exposure is associated with greatest risk of schizophrenia, but may reflect different sensitive periods of risks in brain development for different types of exposure. Maternal smoking, 5, 42 particularly during late pregnancy, 43 is thought to lead to lower birth weight. 7 However, adjusting for birth weight, as well as for gestation and 5-minute Apgar score had no effect on the results, and although these measures are likely to be rather crude markers of pre-and perinatal adversity, it seems unlikely that such adversity mediates or confounds the relationship between maternal smoking and offspring psychotic experiences.
Alcohol use is associated with adverse effects on placental development and function, 44 and adverse perinatal outcomes, although evidence of adverse effects is not strong for low to moderate levels of alcohol consumption during pregnancy. 45 Adverse long-term neurobehavioural and cognitive consequences of alcohol use have also been described, albeit more inconsistently than for tobacco use, in both human and animal studies.
It is quite likely that biological effects of any exposures in utero will impact indirectly upon risk of psychotic phenomena, for example through effects on impulsivity, attention or subtle effects on cognition (that may not be picked up through global cognitive measures such as IQ), and which can potentially also affect development of other, non-psychotic psychopathology. In the EDSP study, maternal smoking was not associated with psychotic symptoms, or with any diagnosis of psychiatric disorder. 20 Future studies that aim to increase knowledge about such pathways will help our understanding of the mechanisms underlying disease pathogenesis.
Although at present the status of non-clinical psychosis-like experiences in relation to rare clinical disorders such as schizophrenia is not clear, results from two cohort studies 46, 47 indicate that the presence of such symptoms may lead to increased risk of clinically important psychotic disorders in later life. Furthermore, as such symptoms are not uncommon in population-based studies 46, [48] [49] [50] [51] and are associated with decreased occupational and social functioning over time, 47, 52 these phenomena may have a large impact on population health and quality of life outside the arena of clinical services, in the same way as depression does. This further highlights the importance of understanding the mechanisms underlying the aetiology of non-clinical PLIKS.
In our cohort, approximately 19% of adolescents attending the PLIKSi had mothers who smoked during pregnancy. If our results for the association between maternal smoking and PLIKS are nonbiased and truly reflect a causal relationship, we can estimate that about 20% of adolescents in this cohort would not have developed psychotic symptoms if their mothers had not smoked (the population attributable fraction). Therefore, although the effect size of association for maternal smoking is rather modest, the frequency of this exposure means that maternal smoking may nevertheless be an important risk factor for the development of psychotic experiences in the population.
Implications
Observational studies are limited in determining causality due to potential problems of residual confounding. We observed an association between maternal, but not paternal, smoking during pregnancy and risk of psychotic symptoms in the offspring, consistent with accumulating evidence from animal models of adverse effects on brain development from in utero nicotine exposure. These findings suggest that risk factors for development of non-clinical psychotic experiences may operate during early development. Future studies of how in utero exposure to tobacco affects cerebral development and function may lead to increased understanding of the pathogenesis of psychotic phenomena.
